INTRODUCTION
The liver has important functions in various aspects of vitamin A metabolism. Liver parenchymal cells take up newly absorbed vitamin A in the form of retinyl esters in chylomicron remnants. After hydrolysis of the retinyl esters in parenchymal cells, retinol is transferred to liver stellate cells. Retinol-binding protein (RBP) mediates this transfer of retinol from parenchymal to stellate cells [1] . Here retinol may either be mobilized to the plasma retinol-RBP pool [2] or stored with long-chain fatty acids. In rats approx. 50-80% of vitamin A normally found in the body is located in large lipid droplets in liver stellate cells in the form of retinyl esters [3] .
Vitamin A is essential for vision, and regulates differentiation and growth of many cell types during embryonic development as well as in adult tissues (for a review see [4] ). Thus, many cell types require a continuous supply of retinol. The storage of retinyl esters in stellate cells ensures ample access of such cells to retinol during periods of low dietary intake.
Several investigators have studied the mechanism for retinol esterification in total liver homogenates. Ross [5] reported an acyl-CoA-dependent activity in microsomal preparations of rat liver. The enzyme responsible for this reaction is very similar to or identical with an acyl-CoA:retinol acyltransferase (ARAT) found in intestinal cells [6] . More recently, Ong and collaborators [7, 8] and Yost et al. [9] have presented results suggesting that cellular RBP type I [CRBP(I)] may participate in liver retinol esterification. The results indicate that retinol bound to CRBP(I) can be esterified by a lecithin: retinol acyltransferase (LRAT) by a mechanism similar to that present in absorptive intestinal cells with palmitic acid, linoleic acid or oleic acid, the total storage of retinyl esters increased by 20-150 %. In most cases, the fatty acid supplemented in the medium was found to be the dominant fatty acid esterified with retinol. Cultures of stellate cells were then exposed to a physiological concentration (1.3 ,uM) of radioactive retinol free in solution or bound to retinol-binding protein. With 3-day-old cultures, as well as older cultures, the cellular content of unesterified retinol was 10-20 times higher when free retinol was added compared with addition of retinol bound to retinolbinding protein. However, 2-3-fold as much radioactive retinyl esters were recovered in cells incubated with retinol-retinolbinding protein compared with retinol free in solution. These results show that retinol delivered to stellate cells from retinolbinding protein is preferentially esterified, and that the complex is handled differently to free retinol by the stellate cells.
where CRBP(II) functions as a retinol donor for the LRAT enzyme [10] . It was suggested that retinol in membranes was esterified by ARAT, while retinol bound to CRBP(I) was esterified by LRAT.
Several situations, in addition to vitamin A-deficiency, may cause a decrease in retinyl ester storage in stellate cells. These include liver fibrosis [11] , exposure to ethanol [12] , xenobiotics (e.g. polychlorinated biphenyls and dioxins) [13] and various drugs (e.g. antiepileptics and pentobarbital) [14] .
During cultivation of stellate cells in vitro in the presence of 20% (v/v) fetal bovine serum, the cells rapidly lose their capability for storage of retinyl esters and they are turned into myofibroblast-like cells. This process very much resembles what occurs in vivo during fibrosis. Hence, cultivation of stellate cells in vitro may be used as a model with which to study fibrosis.
The aim of the current work was to examine the characteristics of retinyl ester formation and storage in cultivated liver stellate cells. In particular, the role of RBP in delivering retinol to stellate cells for esterification was studied.
Isolation and cultivation of stellate cells
Male Chinchilla rabbits (2.5 kg) and Wistar rats (250-300 g) were fed an ordinary pellet diet (EWAR Sverige AB, S0dertelje, Sweden) which contained 3.3 mg of retinol/kg for the rabbit and 3.6 mg of retinol/kg for the rat. Total liver-cell suspension from both rabbits and rats were prepared by a collagenase liver perfusion technique [15] . Non-parenchymal cells were separated from parenchymal cells by differential centrifugation. Total nonparenchymal cells were washed twice in a buffer containing 1 % (w/v) albumin and cells were seeded at a density of approx. 1 x 106 cells/ml. The cultivation medium consisted of Dulbecco's modified Eagle's medium (DMEM) supplemented with 20% (v/v) heat-inactivated fetal bovine serum, penicillin (100 i.u./ml), streptomycin (0.1 mg/ml), amphotericin B (2.5 ,ug/ml), gentamicin (0.2 mg/ml) and L-glutamine (2 mM) (all solutions were from Flow Laboratories, McLean, VA, U.S.A.). Medium of this composition was used in all experiments unless otherwise specified. After overnight culture at 37°C in a humidified air/CO2 (95:5, v/v) atmosphere the cells were washed twice and the medium changed. After 2 days the cells were trypsin-treated [trypsin (0.05 %)/EDTA (0.02 %); Flow Laboratories, McLean, VA, U.S.A.] and replated. After day 3 more than 95 % of the cells were stellate cells, as determined by desmin immunohistochemical staining. In almost all the experiments we used 3-day-old stellate cells or stellate cells cultivated for less than 3 weeks. Pure fractions of freshly isolated stellate cells were isolated from non-parenchymal cells by Percoll gradient centrifugation as described previously [15] . Stellate cells isolated by this method were analysed immediately after isolation and are referred to as freshly isolated stellate cells. Skin fibroblasts were prepared from Wistar rats and cultured in the same medium as liver stellate cells.
Preparation of [3H]retinoI-RBP in vivo
Young male Wistar rats (50-75 g) were fed a vitamin-A-free diet for 10-12 weeks, after which time they stopped gaining weight. The total retinol level in livers was then less than 10 nmol/g of tissue, as determined by h.p.l.c. For preparation of radiolabelled RBP [11, 12-3H] retinol (500 uCi; 27 Ci/mmol), dissolved in 250 jul ofgroundnut oil, was injected into the small intestine. After 5-7 h blood was collected from the vena cava inferior and serum was harvested by low-speed centrifugation. Assay of retinoids and proteins Stellate cells, plated on plastic dishes (60-mm-diam.; Costar 3060, Cambridge, MA, U.S.A.), were incubated with free retinol dissolved in ethanol (or in DMSO) or RBP-bound retinol, washed twice with 1 ml of cold PBS, and scraped off the dish with a rubber policeman. Cells were then resuspended in 1.5 ml of cold PBS and stored at -70 'C. The amount of ethanol or DMSO administered to the cells was less than 0.5 %. Retinol and retinyl esters were analysed by h.p.l.c. as described previously [3] . Total retinol is used as a description in some experiments and this refers to the sum of the concentrations of both free retinol and total retinyl esters. The samples were injected on to a h.p.l.c. Supelcosil 5 ,um LC-8 column and the column was eluted with water/methanol (1:19, v/v) at a flow rate of 1.5 ml/min. Protein concentrations were determined by the dye-binding assay of Bradford [17] , according to the protocol from Bio-Rad Laboratories (Miinchen, Germany) using BSA as a standard.
RESULTS
Retinyl ester levels in stellate cells decrease during cultivation Initially rat liver stellate cells were tested, but in order to get a higher yield of cells, rabbit stellate cells were used in most of the experiments presented in this paper. First, rabbit stellate cells were isolated and cultured for periods of up to 14 days. As shown in Figure 1 95 % of the total retinol was recovered as retinyl esters in newly isolated cells. This percentage gradually declined during cultivation, and 7-day-old cultures contained about 40 % retinol. Similar results were obtained in experiments with cultured rat liver stellate cells (data not shown).
Next we determined the levels of retinol and retinyl esters in medium from cultivated rabbit stellate cells. One-day-old cultures were washed, trypsinated and cultured for up to 8 days. At day 3 most (> 80 %) of the total retinol in the medium was recovered as retinol. Since only low amounts ofretinyl esters were recovered in the medium at day 3, the decrease in retinyl ester levels in cultured stellate cells was probably caused by active hydrolysis and secretion during culture.
Repletion of stellate-cell retinyl esters by incubation with retinol dissolved in ethanol Rabbit stellate cells (10-day-old cultures) containing less than 0.1 nmol of total retinol/mg of cell protein were incubated with various concentrations of retinol dissolved in ethanol. Retinyl esters were then measured in cells after various times. As shown in Figure 2 50 /M retinol contained 3 nmol ofretinyl esters/mg ofcell protein after 24 h, which is much lower than the content in newly isolated stellate cells (about 144 nmol of total retinol/mg of cell protein).
Incubation of 3-day-old cultures with retinol dissolved In ethanol When 3-day-old cultures containing 5.6 + 3.9 nmol of retinyl esters/mg of protein (n = 12, five experiments) were incubated in Retinyl ester composition in cultivated stellate cells The compositions of the main retinyl esters were then determined in freshly isolated rabbit stellate cells (cells isolated by Percoll gradient centrifugation) and in stellate cells examined at different culture times (Table 1 ). In freshly isolated stellate cells 62 % of the esters were retinyl palmitate whereas retinyl oleate and retinyl stearate comprised about 17 % and 12% respectively. A similar distribution of retinyl esters was found in 4-day-old cultures of stellate cells. When 4-day-old and 14-day-old cultures were incubated with retinol for 24 h a different composition of retinyl esters was observed. The relative proportions of retinyl palmitate decreased to 41 % and 31 % in 4-day-old cultures and 14-day-old cultures respectively. At the same time the relative proportions of retinyl oleate increased.
Retinyl ester composition In cells supplemented with fatty acids
We further characterized the effect of extracellular fatty acids on storage of retinol. When 10-day-old cultures of stellate cells were incubated with retinol alone, or in combination with palmitic Table 4 Accumulation of retinyl esters in stellate cells incubated with in vitro-labelled retinol bound to RBP and retinol free in solution for 1 h. DME medium used contained no fetal bovine serum. The specific radioactivity was 0.1 Ci/mmol. Radioactivity incorporated in retinyl esters was determined after separation on h.p.l.c. The data presented are from one representative experiment and are the average of four determinations (±S.D.). Two further experiments produced similar data.
Retinol
Total Similar results were achieved with all fatty acids tested except lauric acid. Incubating the cells with lauric acid gave almost the same distribution of retinyl esters as found in control cells, but the total level of retinyl esters was reduced.
Incubation of stellate cells with serum containing
[3H]retinol-RBP-TTR Both 3-day-old cultures and older cultures of rabbit stellate cells were incubated with serum labelled in vivo containing radioactive retinol bound to RBP ([3H]retinol-RBP-TTR). The concentration of retinol in the medium was about 0.03 ,M and the specific radioactivity was 1 Ci/mmol. The amount of radioactivity incorporated in retinyl ester fractions after 6 h of incubation was about 45-fold higher in 3-day-old cultures compared with older cultures of stellate cells (Table 3) . After 24 h of incubation, 3-day-old cultures contained 19-38-fold more radioactivity in the retinyl ester fraction compared with 10-and 17-day-old cultures. Since continuous esterification and hydrolysis of retinol occurs in stellate cells, this difference in retinol accumulation may be due to the higher content of endogenous retinyl esters in 3-day-old stellate cells. Thus, radioactive retinyl esters formed are diluted with unlabelled retinyl esters, and less radioactive retinyl esters are hydrolysed. Alternatively, the difference in retinyl esterification may be due to down-regulation of proteins involved in the enzymic process.
As it is not possible to obtain a physiological concentration of retinol-labelled RBP in the medium by the above-described method (i.e. in vivo-labelled serum containing radioactive retinol bound to RBP) we isolated holoRBP from human serum and reconstituted the complex by using [3H]retinol. Use of reconstituted retinol-RBP would also allow us to use shorter periods of incubation and minimize the effects of the continuous hydrolysis that most likely occurs. The esterification of retinol in stellate cells was then compared following incubation with the reconstituted complex or the rat serum containing the [3H]retinol-RBP-TTR complex. The two different retinol donors produced almost the same amount of radioactivity incorporated into the retinyl ester fractions: 9 and 10 % respectively of added radioactivity were incorporated in the retinyl ester fractions. Thus the results suggest that the procedure used for preparing the reconstituted retinol-RBP in vitro yields a complex that is metabolized in a manner similar to the retinol-RBP complex found in plasma.
Stellate cell uptake and esterffrcation of retinol: comparison of free retinol and retinol bound to RBP The cells were exposed to physiological concentrations (1.3-1.4 uM) of radioactive retinol free in solution (dissolved in DMSO) or bound to RBP. In these experiments the retinol-RBP complex reconstituted in vitro was used. As seen from the results presented in Table 4 [21] , and that ARAT activity is not down-regulated by cultivation [22] . Furthermore, other studies have reported that CRBP(I) levels in cultivated stellate cells decrease with prolonged cell passage [23] .
The present report demonstrates that the cellular composition of retinyl esters reflects the composition in the medium. For example, when linoleate was given in the medium, retinyl linoleate become the major retinyl ester recovered from the stellate cells. These data are compatible with the observation that dietary lipid composition can affect retinyl ester composition in various tissues under different dietary conditions [24] . Furthermore, the storage of retinol as retinyl esters was enhanced after incubation with different fatty acids. This indicates that older cultures of stellate cells are depleted of certain fatty acids, partially explaining the observation that older cultures have less capacity to esterify retinol than new cultures. Enhancement of retinyl ester storage in cultivated cells incubated with fatty acids is also observed in J774 macrophages, MCF-7 cells and HepG2 cells [25, 26] .
In all these experiments retinol dissolved in ethanol was added to cell cultures of various ages. It should be emphasized, however, that retinol added in such a manner may be taken up by the cells in an unphysiological way. As a consequence, the metabolism of retinol may not necessarily reflect the normal cellular metabolism. In the next series of experiments we therefore studied the cellular metabolism of RBP-bound retinol.
An important observation in these experiments was the preferred esterification of retinol when added to the cells in complex with RBP as compared with retinol free in solution. This is in contrast with the conclusion drawn by Creek and collaborators radioactive retinol was added free in solution compared with [16, 27] [28] reported that retinol taken up by parenchymal liver cells is converted into retinyl esters irrespective of RBP.
The involvement of RBP in retinol esterification is, however, in agreement with the data from Ottonello et al. [29] , who have presented data on the uptake and subsequent processing of [3H]retinol by isolated bovine retinal pigment epithelial plasma membranes. They found that the retinol released from RBP after binding to the receptor became associated with a protein of molecular mass 16000 Da and they suggested that the protein might be CRBP. Their data indicate that retinol, which is released from plasma RBP, is bound to the membrane in a form that allows for its subsequent esterification. These researchers suggested that a 'functional link' exists between the uptake of retinol into the membrane and retinol esterification, as they observed a 4-fold decrease in total vitamin A incorporated when retinyl ester formation was inhibited. It was suggested that CRBP might function as the donor for intracellular retinol esterification. As palmitoyl-CoA did not stimulate esterification in their system and CRBP was involved, it seems likely that LRAT is the enzyme responsible for the observed esterification.
In agreement with these results, Shingleton et al. [30] found that Sertoli cells take up retinol from retinol-RBP via an RBP receptor, and that cellular retinol combines with CRBP(I) and is further processed to retinyl esters. Interestingly, Bishop and Griswold [31] observed that the uptake and esterification were lower in Sertoli cells from vitamin A-deficient rats than from normal rats; they speculated that it is the level of CRBP which determines the rate of uptake and esterification and that CRBPretinol is the substrate for retinol esterification.
In a previous study [32] , we have studied the binding of RBP by cultured stellate cells in vitro. First, by using immunoelectron microscopy, stellate cells exposed to a physiological concentration of RBP were shown to bind and internalize RBP. Since the presence of antibodies against RBP in the incubation medium drastically reduced the uptake of RBP, and fibroblasts internalize much less RBP than stellate cells, the data suggest that RBP interacts with stellate cells by a receptor-mediated process.
Evidence from experiments in vivo [33] [34] [35] In conclusion, the data show that retinol delivered to stellate cells from RBP is preferably esterified, and that the complex is handled differently by stellate cells to free retinol.
